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and	 predict	 the	 long-term	 resilience	 of	 the	 ecosystem	 to	withstand	 future	 distur-
bances,	 we	 can	 evaluate	 changes	 in	 diversity	 and	 composition	 from	 fossil	 pollen	
records.	Although	diversity	can	be	well	estimated	from	pollen	in	temperate	ecosys-














decreased	with	 elevation	 for	 vegetation	 plots,	 but	 these	 trends	 could	 not	 be	 ob-
served	from	pollen	assemblages.
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1  | INTRODUC TION
Many	 ecosystems	 are	 shifting	 in	 plant	 diversity	 and	 composition,	
likely	due	 to	human	disturbance	and	climate	change	 (e.g.	Harrison	
et al.,	 2015;	 van	 der	 Sande	 et al.,	 2016;	 Muelbert	 et al.,	 2018).	
Reductions in diversity may strongly impact the productivity and 
stability	of	ecosystems	(e.g.	Hector	et al.,	2010;	Morin	et al.,	2014;	
Poorter	et al.,	2017).	Moreover,	 changes	 in	 species	composition	—	










and	 functional	 composition	 over	 time	 (Brussel	 et al.,	 2018;	 van	 der	
Sande	et al.,	2019),	but	we	yet	have	a	poor	understanding	of	how	well	









Bush,	 1995;	Gosling	et al.,	 2009)	 and	 in	 their	 pollen	 dispersal	 dis-
tances	 (Bush	 and	Rivera,	 1998),	 and	 therefore	 taxa	 that	 are	 pres-
ent and abundant in the pollen rain are not necessarily present 





Unfortunately,	our	understanding	of	 the	degree	 to	which	 taxa	are	
over-	or	underrepresented	by	pollen	data	 remains	poor,	especially	













in	 comparatively	 simple	 ones.	 Abundance-weighted	 species	 diver-
sity	indices	may	also	be	difficult	to	predict	from	pollen	data	because	




Changes	 in	 species	 composition,	 and	hence	 functional	 compo-
sition,	may	be	easier	 to	predict	 from	pollen	than	changes	 in	diver-
sity	because	 they	 are	 less	 sensitive	 to	 the	 size	of	 the	 source	 area	
and	missing	taxa	(Pakeman	and	Quested,	2007).	Changes	in	modern	










work,	and	 functional	plant	 traits	 from	an	elevation	gradient	 in	Peru.	
Elevation	 gradients	 present	 an	 important	 framework	 to	 test	 the	 re-
sponse	of	ecosystems	to	changing	climate	(Malhi	et al.,	2010)	because	









values	such	as	 large	adult	height	and	 large	 leaves	should	 fall	 (Chave	
et al.,	2006;	Asner	et al.,	2017;	Enquist	et al.,	2017).	Furthermore,	the	
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and	steepness	of	 the	 slope	of	 the	 regression	 line	would	be	differ-
ent	between	vegetation-based	and	pollen-based	estimates	because	
of	 differences	 in	 pollen	 production	 and	 pollen	 dispersal	 distances	
among	species	(Bush	and	Rivera,	1998).	Changes	in	diversity	would	




We	 used	 vegetation	 data	 from	 the	 ABERG	 plot	 network	 (Andes	













To	 link	 the	 vegetation	 composition	 data	 with	 taxon	 composition	
data	from	the	modern	pollen,	we	used	125	modern	pollen	samples	
that were collected along the same transects as the vegetation plots 
(Urrego	et al.,	2011).	All	samples	were	collected	between	2001	and	
2004.	 For	 the	 Kosñipata	 and	 Callanga	 transects,	 modern	 pollen	
samples were collected along the same elevation transect within or 
between	the	vegetation	plots.	 In	total,	we	had	125	modern	pollen	
samples:	58	for	Kosñipata	ranging	from	470	to	3,530	m	a.s.l.,	58	for	
Callanga	 ranging	 from	430	 to	 3,570	m	 a.s.l.,	 and	 nine	 for	 Palotoa	
ranging	 from	480	 to	 1,420	m	 a.s.l.	 (Table	 1).	Modern	 pollen	 sam-
ples	were	collected	from	moss	tissues.	Moss	tissue	can	accumulate	
2–3	years	of	pollen	 input	 from	vegetation	 in	wet	 settings	 (Pardoe	














and plots per elevation band: <1,000,	1,000–1,500,	1,500–2,000,	
2,000-2,500,	2,500–3,000	and	>3,000	m	a.	s.	l.	We	calculated	R-rel	
values	per	elevation	band	because	pollen	samples	were	often	taken	
adjacent	 to	 but	 not	within	 the	 plots	 (to	 avoid	 disturbance),	which	
limits	our	ability	to	directly	link	plot	and	pollen	data.	We	used	only	




values.	 Hence,	 vegetation	 and	 pollen	 samples	 from	 Callanga	 and	
Palotoa	were	not	used	to	calculate	R-rel	values,	but	were	included	
in	 all	 other	 analyses.	 The	 0.1-ha	 and	 1-ha	 plots	 of	 the	 Kosñipata	
transect	 were	 established	 along	 the	 whole	 elevational	 range.	We	
TA B L E  1  Three	elevation	transects	(Kosñipata,	Callanga,	and	
Palotoa)	with	their	elevation	range	and	sample	size	of	vegetation	





(m a.s.l.) Sample size
Kosñipata Vegetation 867–3,627 18	(1-ha)	&	
22	(0.1-ha)
Pollen 470–3,530 15
Callanga Vegetation 1,241–3,528 2	(1-ha)	&	14	
(0.1-ha)
Pollen 430–3,570 58
Palotoa Vegetation 425–843 3	(1-ha)
Pollen 430–1,420 9
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functioning:	 (a)	 wood	 density	 (WD),	 which	 is	 associated	 with	 the	







and vegetation data sets with trait data.
For	WD,	we	used	locally	collected	wood	core	samples	from	892	
tree	individuals	(Farfan-Rios	et. al.,	unpublished	data)	and	the	global	
wood	 density	 database	 (Zanne	 et al.,	 2009).	 For	H,	 we	 used	 the	
trait	“maximum	whole	plant	height”	from	the	Botanical	Information	
and	 Ecology	 Network	 (BIEN)	 database	 (http://bien.nceas.ucsb.
edu/bien/)	using	 the	BIEN	package	 in	R	 (Maitner	et al.,	2018).	For	
LA,	 we	 used	 data	 from	 the	 CHAMBASA	 (CHallenging	 Attempt	 to	
Measure	Biotic	Attributes	along	the	Slopes	of	the	Andes;	Malhi	et al.,	
2017)	project	 and	 from	BIEN.	 In	 all	 cases,	we	used	data	 from	 the	
Neotropics	only.	We	calculated	trait	averages	at	the	species,	genus	
and	family	 level.	Genus-	and	family-level	averages	were	calculated	
if	we	had	trait	data	 for	at	 least	 three	species	within	 that	genus	or	
family,	to	assure	accurate	estimates	of	the	trait	values.	From	the	395	
















tically	 excludes	 these	 taxa	 from	 the	CWM	trait	 calculations.	The	












We	calculated	 the	species	 richness,	Shannon	 index,	and	Simpson	
index	 using	Hill	 numbers	 (Hill,	 1973).	 Because	 these	 indices	 rep-
resent	 the	 effective	 number	 of	 species,	 values	 of	 Shannon	 and	
Simpson	 diversity	 are	 generally	 higher	 than	 those	 calculated	
using	 other	 approaches.	 Hill	 numbers	 (q =	 0	 for	 richness,	 q = 1 
for	 Shannon,	 and	 q =	 2	 for	 Simpson)	 were	 calculated	 using	 the	
iNEXT	package	 in	R	 (Hsieh	et al.,	2016).	This	approach	allows	for	
rarefaction	 and	 extrapolation	 of	 species	 diversity,	 and	 hence	 for	
comparison	of	samples	 that	differ	 in	e.g.	 the	number	of	 individu-
als	(or	pollen)	and	the	completeness	of	the	sample	(i.e.	the	number	





drawn	 pollen	 or	 individuals,	which	 then	 provided	 information	 on	
the	increase	in	functional	diversity	with	increasing	sample	size	(i.e.	
pollen	count	or	tree	number).	According	to	Chao	et al.	(2014),	such	
asymptotic	 diversity	 estimates	 are	 reliable	 for	 any	 extrapolated	
sample	sizes	for	Shannon	(q =	1)	and	Simpson	(q =	2),	but	are	only	
reliable	up	to	double	the	original	sample	size	for	richness	 (q =	0).	
However,	we	 found	 strong	correlation	between	 rarefied	 richness	
and	 asymptotic	 richness	 (r =	 0.84,	p <	 0.001,	Appendix	 S2),	 and	
therefore	also	used	asymptotic	richness	indices.	For	both	modern	
pollen	and	vegetation	plot	data,	we	treated	all	morpho-species	as	







in	 this	 pattern	 between	 pollen-	 and	 vegetation-derived	 diversity	




because these can be strongly overrepresented in pollen records 
(Bush	and	Rivera,	2001).	To	test	for	the	effect	of	sample	size	of	the	







To	 test	 how	CWM	 traits	 change	with	 elevation,	we	 used	 a	 linear	








To	 test	 how	diversity	 changes	 along	 elevation,	we	 also	used	 a	
linear	mixed-effects	model	 per	 diversity	 index	 for	 vegetation	 and	
pollen with elevation as predictor variable and transect as random 
effect.	Because	diversity	is	scale-dependent,	we	included	an	inter-




Taxa	differed	 strongly	 in	 their	 representation	by	pollen	data,	with	
some	taxa	being	strongly	overrepresented	especially	at	high	eleva-




density	 increased	 with	 elevation	 and	 CWM	 adult	 height	 and	 leaf	





























































































































































































family-level	 estimates	 from	 pollen	 samples	 showed	 similar	 results	
(i.e.	similar	direction	and	significance).
Species	 richness,	 Shannon	diversity	 and	Simpson	diversity	 de-





















that	 taxa	 and	 elevation	 ranges	 differ	 strongly	 in	 their	 representa-
tion	 in	modern	 pollen.	Moreover,	 shifts	 in	 CWM	 traits	 were	 well	
predicted	from	modern	pollen,	while	shifts	in	diversity	indices	were	
poorly	predicted	from	modern	pollen.
4.1 | Representation of pollen abundance data
Taxa	differ	strongly	 in	 their	 representation	 in	 the	modern	pollen	
samples	(Appendix	S6).	On	average,	taxa	are	most	strongly	over-
represented	 at	 higher	 elevations	 (e.g.	 2,500–3,000	m	a.s.l.),	 and	
most	strongly	underrepresented	at	lower	elevations	(Appendices	
S6,	S7).	Forests	at	low	elevation	are	more	diverse,	and	therefore,	
the	 pollen	 of	 a	 higher	 number	 of	 taxa	 can	 potentially	 be	 trans-
ported upslope to higher elevations. This may be especially the 
case	for	wind-pollinated	taxa	(Bush	and	Rivera,	1998;	Weng,	Bush,	
and	Chepstow-Lusty,	2004;	Williams	et al.,	2011).	Moreover,	high-
elevation	 forests	 have	 greater	 canopy	 openness	 (Asner	 et al.,	
2014),	which	increases	the	likelihood	of	pollen	from	other	source	
areas to reach the lower canopy layers where pollen samples are 
taken	 (e.g.	Gosling	et al.,	2018;	Hagemans	et al.,	2019).	At	 lower	



















km) SE DF t-value p-value
Wood	density Vegetation Genus Elevation 0.034 0.008 55 4.49 <0.001
Family Elevation −0.066 0.025 54 −2.62 0.011
Family Elevation2 1.49E−05 5.33E−06 54 2.79 0.007
Pollen Genus Elevation 0.042 0.007 101 5.94 <0.001
Family Elevation 0.017 0.005 119 3.41 0.001
Adult height Vegetation Genus Elevation −0.269 0.024 50 −11.03 <0.001
Family Elevation −0.064 0.018 52 −3.50 0.001
Pollen Genus Elevation2 0.278 0.090 95 3.08 0.003
Genus Elevation3 −1.15E−04 2.24E−05 95 −5.11 <0.001
Family Elevation2 0.361 0.085 119 4.24 <0.001
Family Elevation3 −1.21E−04 2.06E−05 119 −5.89 <0.001
Leaf	area Vegetation Genus Elevation 0.101 0.010 50 9.70 <0.001
Family Elevation −0.568 0.068 51 −8.32 <0.001
Pollen Genus Elevation −0.787 0.110 101 −7.18 <0.001
Family Elevation −0.446 0.064 121 −6.99 <0.001
Unstandardized	coefficient,	standard	error	(SE),	degrees	of	freedom	(DF),	t-value	and	p-value	are	given.	Statistics	correspond	to	Figure	1.
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4.2 | Changes in functional composition along an 
elevational gradient
As	 we	 had	 expected,	 we	 found	 that	 the	 CWM	wood	 density	 in-
creased,	and	the	CWM	adult	height	and	leaf	area	decreased	with	el-
evation,	for	vegetation	plots	and	pollen	samples.	The	slightly	higher	
CWM	wood	density	 in	 the	 lowest	elevation	plots	 (i.e.	orange	dots	
in	Figure	1a,	b)	was	probably	caused	by	spatial	differences	 in	spe-
cies	composition,	 as	 this	vegetation	 transect	 (Palotoa)	was	 farther	
from	 the	 other	 transects.	With	 increasing	 elevation,	 temperature	
decreases	 and	 cloudiness	 increases,	 leading	 to	 declining	 insola-
tion,	and	precipitation	reaches	a	maximum	at	mid-elevation	 (Malhi	





2011;	Eller	et al.,	 2018),	 and	 should	be	 an	 advantage	at	 the	 lower	






































































































































4.3 | Vegetation changes in functional 
composition are well represented by pollen rain
After	correcting	for	the	overrepresentation	of	some	taxa,	we	found	





towards	 a	 relatively	higher	 abundance	of	 such	 taxa.	These	 results	
are in line with previous studies that demonstrated good represen-
tations	of	relative	changes	in	species	composition	from	pollen	data	
along	elevation	gradients	(Weng,	Bush,	and	Silman,	2004;	Niemann	
et al.,	 2010;	Urrego	 et al.,	 2011;	Hagemans	 et al.,	 2019),	 and	with	
a	study	showing	strong	correlation	of	CWM	traits	between	pollen	
and	vegetation	in	Estonia	and	Latvia	(Reitalu	et al.,	2015).	Without	
correcting	 for	 overrepresentation	 of	 certain	 taxa,	 pollen-derived	
CWM	changes	with	elevation	 show	a	 similar	direction	 to	 those	of	
vegetation-derived	 estimates	 (Appendix	 S8).	 However,	 the	 slopes	
of	the	regression	lines	are	flatter	compared	to	results	corrected	for	
overrepresentation,	 indicating	 that	CWM	changes	 along	 elevation	
can	more	clearly	be	picked	after	correcting	for	overrepresentation.	
If	R-rel	values	are	not	available	to	correct	for	variation	in	pollen	pro-
duction	 and	dispersal	 among	 taxa,	 then	a	 sufficiently	high	 sample	












4.4 | Decreasing diversity with elevation is not 
captured by pollen rain
Species	richness,	the	Shannon	index	and	the	Simpson	index	all	de-
crease	with	elevation	in	vegetation	plots	(Figure	2a,d,g),	in	agreement	





pollen Predictor variable Value SE DF t-value p-value
Species	richness Vegetation Elevation −0.02 0.01 53 −2.67 0.010
Plot	size 191.71 23.09 53 8.30 <0.001
Elevation	*	plot	size −0.05 0.01 53 −6.31 <0.001
Pollen Elevation <0.01 <0.01 123 −0.98 0.331
Pollen	excl.	
wind
Elevation <0.01 <0.01 123 0.09 0.931
Shannon	index Vegetation Elevation −0.01 <0.01 53 −3.40 0.001
Plot	size 66.93 12.34 53 5.42 <0.001
Elevation	*	plot	size −0.02 <0.01 53 −4.52 <0.001
Pollen Elevation <0.01 <0.01 123 1.23 0.221
Elevation 0.00 <0.01 <0.01 −0.14 0.892
Simpson	index Vegetation Elevation −0.01 <0.01 53 −2.79 0.007
Plot	size 27.47 8.52 53 3.22 0.002
Elevation	*	plot	size −0.01 <0.01 53 −2.69 0.010
Pollen Elevation <0.01 <0.01 123 1.52 0.132
Pollen	excl.	
wind
Elevation <0.01 <0.01 123 −1.07 0.286
Unstandardized	coefficient,	standard	error	(SE),	degrees	of	freedom	(DF),	t-value	and	p-value	are	given.	Statistics	correspond	to	Figure	2.
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with	earlier	studies	(e.g.	Rahbek,	1995;	Lomolino,	2001).	Variation	in	
functional	 traits,	however,	shows	optima	at	mid-elevation	for	vari-
ation	 in	wood	density	and	height,	 and	an	 increase	along	elevation	

















ing	an	underestimation	of	diversity	 (Reitalu	et al.,	2019).	This	 sug-
gestion is supported by our diversity estimates based on the original 
pollen	 count	 data	 (Appendix	 S4,	which	 show	 increases	 instead	 of	
decreases	with	elevation.	Hence,	our	correction	using	R-rel	values	






































































































































































































indices	 when	 assessing	 only	 Kosñipata,	 and	 significant	 increases	
in	 diversity	 indices	 when	 assessing	 only	 Callanga	 (Appendix	 S9).	
Finally,	although	the	rarefaction	curves	(Appendix	S1)	showed	that	
a	mismatch	in	diversity	estimates	is	found	at	different	pollen	counts,	
higher pollen count numbers may result in more accurate diversity 
estimates.
Our	results	are	 in	agreement	with	some	studies	 (Gosling	et al.,	
2018)	 but	 in	 disagreement	with	 a	 review	 that	 compares	 diversity	
from	pollen	and	vegetation	(Birks	et al.,	2016).	Studies	that	find	an	
agreement	between	both	measures	of	diversity	are	often	measured	




This	 indicates	 that	 pollen	 can	 provide	 information	 on	 differences	









We	show	that	changes	 in	 functional	composition	 (i.e.	CWM	traits)	












ience in response to climate change and human disturbances.
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